INTRODUCTION
In the nervous system the biosynthesis of the opioid peptides, Met-and Leu-enkephalin is largely controlled by signals transmitted across synapses. Over the past decade it has become clear that neurotransmitters, membrane depolarization, and electrical activity regulate the biosynthesis of proenkephalin, the precursor to Met-and Leu-enkephalin, by turning on and off the synthesis of the mRNA encoding the precursor. Analysis of proenkephalin gene expression in primary cultures of bovine adrenal medullary chromaffin cells has demonstrated that the gene can be activated by stimulation of each of the three major intracellular signaling pathways; the cAMP dependent pathway (1,2), the phorbol ester or protein kinase C dependent pathway (3) , and the Ca++ /depolarization dependent pathway (4) . A short region of the proenkephalin promoter has been shown to be both necessary and sufficient to receive signals transmitted through the cAMP, TPA, and Ca++ dependent intracellular signaling pathways (5, 6) . Sequences located between -110 and -65 have been shown to act in a distance and orientation independent fashion to induce transcription of the proenkephalin gene in response to cAMP and TPA. This region is active when placed upstream or downstream of heterologous promoters and multiple copies of this region result in superinducible promoters (7) . Point mutational analysis of this region has shown that the cAMP and TPA inducible enhancer consists of two different DNA elements, CRE-1 and CRE-2, which are separated by one helical turn. Mutations within either of these elements eliminates inducible enhancer function indicating that these two elements and hence their respective DNA binding proteins interact in a highly synergistic fashion to mediate second messenger regulation of proenkephalin transcription (7) .
In order to characterize signal transduction from the cell surface to the proenkephalin transcription complex we have purified and characterized proteins which interact with the DNA sequences of both CRE-1 and CRE-2 (7, 8, 9) . The CRE-2 element consists of overlapping binding sites for the transcription factors AP-1 and AP-4 . The CRE-1 element binds a protein present in HeLa cell nuclear extracts called ENKTF-1 (7) . Several different point mutations within the CRE-1 element which strongly diminish cAMP and TPA inducible expression of the proenkephalin gene also block the binding of ENKTF-1. This suggests that ENKTF-1 might mediate second messenger-regulated transcription of the proenkephalin gene through binding to the CRE-1 element in vivo (7) .
In this paper we further characterize proteins which bind the proenkephalin CRE-1 element. Bovine brain was shown to be * To whom correspondence should be addressed a rich source of CRE-1 binding proteins, which by footprinting analysis are indistinguishable from the HeLa cell protein, ENKTF-1. DNA recognition site affinity chromatography was used to purify and obtain sequence information from three different CRE-1 binding proteins. We show that each of the three CRE-1 binding proteins are different members of the nuclear factor I (NF-I) family of transcription/DNA replication factors (10, 11, 12, 13, 14) . These proteins are shown to bind a site which overlaps the CRE-1 element. NF-I molecules bind together with AIM and AP-2 to from a stable complex at the proenkephalin inducible enhancer. In contrast, NF-I proteins cannot simultaneously bind together with AP-1 suggesting that these factors may act at the enhancer in a mutually exclusive fashion in vivo. Overexpression of one of the purified NF-I molecules, NF-I/Redl (12) , results in repression of protein kinase A or forskolin stimulated expression of the proenkephalin gene, suggesting the NF-I/Redl molecule may play a negative role in regulation at the CRE-1 element.
MATERIALS AND METHODS Materials
All restriction and DNA modifying enzymes used in construction of plasmids and footprinting probes were from New England Biolabs. Phosphocellulose Pll resin was purchased from Whatman and DEAE CL-6B from Pharmacia. 
Cell Culture
HeLa S3 cells were grown in spinner culture using Joklik modified Eagle's medium supplemented with 7.5% horse serum. CV-1 cells were grown in Dulbecco's modified Eagle's medium supplemented with 2.5% fetal calf serum and 7.5% horse serum. All sera were from Sigma.
Nuclear Extracts
Large scale nuclear extracts were prepared from HeLa S3 cells as described (7, 15) . Bovine brain nuclear extracts are prepared as described (16) except the following modifications. Homogenization was done with 10 strokes of loose B type Dounce glass tissue grinder (40 ml, Wheaton) followed by 10 strokes of tight A type grinder. Nuclear pellet was extracted with exactly 1.9 volume of Buffer C (20 mM Hepes, pH=7.9; 25% Glycerol; 0.42 M NaCl; 1.5 mM MgCl 2 ; 0.2 mM EDTA; 0.5 mM DTT, and 0.5 mM PMSF). The extracted nuclear protein was precipitated with 0.33 gm/ml
Ion Exchange and Sequence Specific Affinity Chromatography
HeLa cell nuclear extracts were fractionated by Sephacryl S-300 chromatography as described (17) . Bovine brain nuclear extracts prepared from 2.5 kg of brain were dialyzed against Buffer D (20 mM Hepes, pH=7.9; 10% Glycerol; 0.2 mM EDTA, pH = 8.0; 1 mM DTT, and 0.5mM PMSF) containing 100 mM KC1 (BD[0.1]) and loaded onto 100 ml Pll phosphocellulose column pre-equilibrated with BD[0.1]. The column was eluted with a 500 ml KC1 gradient from 0.1 M to 1 M in Buffer D at the rate of 0.5 ml/min. The Pll fractions containing peak footprint activity were pooled and adjusted to 0.05 M KC1 and applied to a 100 ml DEAE CL-6B column pre-equilibrated with 0.05 M KC1 in Buffer D. The column was eluted with 500 ml KC1 gradient from 0.05 M to 1 M in Buffer D at the rate of 0.5 ml/min. Fractions containing footprint activity were pooled for further DNA affinity chromatography. Preparation of DNA affinity columns and affinity purification were carried out as described (18) . The oligonucleotide sequences used for affinity chromatography were as follows:
Peptide Mterosequencing
Affinity purified ENKTF-1 (60 ng) was fractionated by 10% SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Schleicher & Schuell, BA85). Staining of the membrane with Amido Black B10 revealed three bands (62, 50, and 35 kDa) which were excised and treated with trypsin (sequencing grade, Boehringer Mannheim) (19, 20) . Peptide fragments released into the supernatant were resolved by reversed phase HPLC and subjected to Edman degradation in a gas phase sequencer (Applied Biosystems 470A) as described (20) . Initial yields ranged from 14.4 pmol for glutamic acid in peptide A2 to 3.9 pmol for threonine in peptide B2.
DNase 1 Footprinting
DNase I footprinting was carried out as described (21) . Typically 10 fmol of 32 P-labeled DNA probe extending from the human proenkephalin CAP site +1 to -440 was end-labeled on the coding strand at position +1 using the 'filling in* reaction with [a-32 P]dCTP. The probe was incubated on ice for 15 minutes with crude nuclear extract in the presence of 1 fig poly(dA/dT) or with purified proteins in the absence of competitor DNA. Samples were then treated with DNase I (Worthington) for 1 minute at 25°C. Samples were phenol/chloroform extracted, isopropanol precipitated and analyzed by 7.8% polyacrylamideurea gel electrophoresis.
Glycerol Gradient Analysis
Affinity purified ENKTF-1 was concentrated with an Amicon 30 microcentrator and adjusted to 50 mM KC1 in buffer Z (25 mM Hepes, pH=7.9; 12.5 mM MgCl 2 ; 10% Glycerol; 0.1% NP-40, and 1 mM DTT). Two hundred microliters of protein sample was layered onto 4.2 ml 10-35% glycerol gradient and ultracentrifuged with the Beckman SW60i rotor at 45K rpm, 4°C, for 20 hours. Protein standards (cytochrom C; alcohol dehydrogenase; bovine serum albumin; aldolase) were run in parallel. Serial 250 /J fractions were collected for SDS-PA-GE and footprinting analysis.
Transient Analysis of Gene Expression
Transfection of CV-1 cells was performed as previously described (7) . For transient expression pENKAT-12 plasmids (5 /ig) were co-transfected with 10 /ig pRSV/3GAL (22), 5 /xg pMTCa Neo (gift from M. Uhler unpublished, see also reference 23) and various amounts of a plasmid that contains the entire coding sequence of NFI/Redl inserted downstream of the CMV promoter, pCMVNFI/REDl (see also reference 24). The total amount of DNA was adjusted to 25 to 30 ng with pGEM3. Following transfection with CaPO 4 precipitated DNA and glycerol shock, the cells (3 X lOVlOcm plate) were incubated for 24 hours in media containing 2.5% fetal calf serum and 7.5% horse serum. In the case of induction by regulators, forskolin (10 /iM) and IB MX (0.5 mM) were added 6 hours prior to harvesting cells and extract preparation. CAT activity was measured by a modification of the standard assay as described (6) . Butyryl-CoA (0.25 mM) was used and the reaction products were extracted with 400 /d of a 2:1 mixture of pristane/xylene. Under these conditions butyrylated chloramphenicol was preferentially extracted into the organic phase and 300 /tl was counted directly in scintillation fluid. /3-Galactosidase activity was determined as previously described (6) and used to normalize CAT activity within a given experiment.
RESULTS

Binding interactions between ENKTF-1 and AP-1, AP-2, and AP-4
We have previously identified 4 different DNA binding factors which interact with the proenkephalin inducible enhancer ( Figure  1 ), ENKTF-1, AP-1, AIM, and AP-2 (7). Each of these proteins has been purified from HeLa cell nuclear extracts using multimerized proenkephalin CRE-1, CRE-2, AP^, and AP-2 oligonucleotides covalently linked to sepharose as an affinity matrix to purify DNA binding proteins (18) . As shown in Figure  2 , each affinity purified preparation results in a single footprint over the proenkephalin inducible enhancer. The DNA binding interactions between ENKTF-1 and proteins which bind at the CRE-2, AP-4, and AP-2 elements have been examined and are shown in Figure 2 . ENKTF-1 can bind to the CRE-1 element in the presence of AP-4 or AP-2 as the sum of the two individual footprints are observed. Careful analysis of the 5'-and 3'-borders of the footprint shown in Figure 2 (repeated several times) indicates that ENKTF-1 and AP-1 do not bind simultaneously to the CRE-1 and CRE-2 elements as the AP-1 footprint (also see reference 7) and not the ENKTF-1 footprint is always observed when these two factors are allowed to bind together.
Purification of CRE-1 binding proteins from bovine brain
Attempts to purify amounts of the CRE-1 binding protein, ENKTF-1, sufficient for microsequencing from HeLa cells were not successful. Footprinting experiments (see Figure 3A) T T
GGCOTCGOCGCQGGGcfGQCOT, CCGCAOCCOCGCCCCOACCGCATl indicated that nuclear proteins isolated from bovine brain contained a CRE-1 binding activity indistinguishable from the HeLa cell protein. Using standard ion exchange and DNA recognition site affinity chromatography we have purified nuclear proteins from bovine brain which bind the CRE-1 element. As shown in Figure 3B and 3C, after DEAE and phosphocellulose chromatography and sequential chromatography on CRE-1+2 (containing both CRE-1 and CRE-2 sequences) followed by CRE-1 DNA affinity columns, three major bands of 62, 50, and 35 kDa are detected by SDS gel electrophoresis and silver staining (see Figure 3C ). These three bands are present in several different CRE-1 binding protein preparations from bovine brain. Attempts to purify further CRE-1 binding activity resulted in either a loss of DNA binding or copurification of the three major bands. As shown in Table 1 the specific DNA binding activity of these three proteins after two rounds of affinity chromatography was enriched approximately 9,000 fold. Attempts to footprint each of the three bands renatured from SDS gels individually or in various combinations were not successful. To demonstrate that footprinting activity correlated with the 62, 50, and 35 kDa bands, protein fractions shown in Figure 3C were fractionated by sedimentation through a glycerol gradient. As shown in Figure 4A , all three proteins migrated through the glycerol gradient at the same position. DNase I footprinting across the gradient ( Figure 4B ) indicates that DNA binding activity comigrates with the 62, 50, and 35 kDa molecules.
CRE-1 binding proteins belong to the NF-I family of transcription factors
Approximately 60 micrograms of the CRE-1 binding proteins (20 micrograms each of the 62, 50, and 35 kDa proteins) from bovine brain were size fractionated on a SDS polyacrylamide gel, transferred to a nitrocellulose membrane, stained with amido black, and the 62, 50 and 35 kDa bands cut from the membrane. Each of the three proteins immobilized on nitrocellulose was treated with trypsin (19) and tryptic peptides eluted and purified by HPLC chromatography as described (20) . Well resolved peptides were subjected to microsequencing. Figure 5A shows the sequences obtained from 6 different tryptic fragments derived from the 62 kDa protein and 2 different peptide sequences obtained from each of the 50 and 35 kDa proteins. A computer search revealed that each of the six peptide sequences derived from the 62 kDa protein could be aligned perfectly with the amino acid sequence of the protein nuclear factor-I/L, (NF-I/L) (13) . Although the predicted amino acid sequence was derived from a rat cDNA clone and our peptide sequences were from bovine brain, the tryptic fragments A1-A6 were found to match the predicted rat sequence at 100% of the amino acid positions shown in Figure 5B . This suggests that the 62 kDa CRE-1 binding protein we isolated is the bovine homologue of the rat NF-I/L protein. The peptides sequenced from the 50 and 35 kDa proteins were not found within the NF-I/L molecule. As shown in Figure  5B , the two tryptic peptide sequences derived from the 50 kDa protein, Bl and B2, and the two derived from the 35 kDa protein, Cl and C2, are found within two hamster NF-I proteins, NF-I/RED-1 and NF-I/X, respectively (12) . In all cases the •bovine tryptic peptides, B1,B2, Cl, and C2 perfectly match the hamster NF-I sequences suggesting that the 50 kDa protein is the bovine NF-I/Redl homologue, and the 35 kDa protein is the bovine NF-I/X homologue. Figure 4 . Glycerol gradient analysis of affinity purified ENKTF-1 from bovine brain. A) Analysis of glycerol gradient fractions by silver staining and 7% SDS polyacrylamide gel electrophoresis. The 62 kDa doublet presents in fractions 13 to 19 is resolved into a single band under higher reducing conditions (0.5 M 2-mercaptoethanol) which were used in Figure 3C . B) Analysis of DNA binding activity across the glycerol gradient. Note the complete coincidence of the 62, 50, and 35 kDa proteins with DNA binding activity.
Footprintiiig suggests NF-I contacts CRE-1 and part of CRE-2
To analyze the interaction of the NF-I proteins with the CRE-1 element we examined the binding of highly purified NF-I proteins (see Figure 3C ) to a series of single base substitution mutations spanning the proenkephalin CRE-1 and CRE-2 elements. Mutations which blocked the binding of these proteins to the CRE-1 element were found to occur at two positions spanning the CRE-1 and CRE-2 elements. Mutations within the sequence CTGGC and the sequence CCT six bases downstream were found to block binding of the NF-I proteins (see Figure 6A ). This data suggests that NF-I molecules contact the enhancer at two sites: the CRE-1 element and an additional CCT site which overlaps the CRE-2 element (see Figure 6B ). In addition, as shown in Figure 7 , highly purified NF-I preparations also contact die proenkephalin promoter at a site directly spanning the TATA box at position -33 to -27 (data not shown). As shown in Figure  7 , the footprint observed over the TATA box titrates with NF-I binding to the CRE-1 element.
Cotransfection with NF-I/Redl suggests it acts as a repressor
To examine the functional activity of NF-I proteins at the CRE-1 element a plasmid which expresses NF-I/Redl (12) under the control of the CMV promoter was cotransfected together with pENKAT-12 and pRSV/3GAL into CV-1 cells. These plasmids were cotransfected in the presence or absence of a plasmid expressing the catalytic subunit of the cyclic AMP dependent protein kinase (PKA) (25) . As shown in Figure 8 , NF-I/Redl had httle effect on basal expression of the proenkephalin promoter, suggesting that alone NF-I/Redl cannot activate proenkephalin transcription. However, coexpression of this plasmid together with PKA inhibited the PKA dependent induction of CAT expression in a dose dependent fashion. Cotransfection of NF-I/Redl also inhibited CAT expression stimulated with forskolin and the phosphodiesterase inhibitor 3-isobutyl-l-methyl-xanthine (IBMX). Cotransfection with NF-I/Redl, however, had no significant effect on /3-galactosidase expression directed by the RSV promoter/enhancer, suggesting the effect is specific to the proenkephalin promoter. CAT expression shown in Figure 8 has been normalized to the /3-galactosidase activities determined for each extract as previously described (6, 22) .
DISCUSSION
Multiple NF-I Proteins from Brain Bind the Proenkephalin Enhancer
To understand the role of the CRE-1 element in signal transduction and transcriptional regulation of the proenkephalin gene we have purified proteins from bovine brain which bind this element. Microsequencing of three different brain CRE-1 binding proteins indicate that each of the three proteins is a distinct member of the NF-I family of proteins. The molecular weight of the brain 62 kDa protein agrees well with the predicted size of the NF-I/L protein from rat (13) . In contrast, the 50 and 35 kDa brain proteins are smaller than the predicted size of the hamster NF-I/Redl (60 kDa) and NF-I/X (49 kDa) proteins based on published cDNA sequences (12) . This could be due to species differences, alternative splicing as observed for the NF-I/CTF and NF-I/L (11,14,26), or protein processing or degradation as has been observed for NF-I/L (13) and NF-I/Redl (12) . Although NF-I/CTF message is expressed in mouse brain (26), we have not identified this protein in our purification procedure, which might indicate this protein does not bind the proenkephalin promoter. Members of the NF-I family are known to serve both as transcription factors regulating RNA polymerase n activity and as initiation factors required for replication of adenovirus DNA in infected cells (10) . An NF-I binding site has been reported to mediate transcriptional activation of the mouse a2(T) collagen gene to TGF-/3 (27) , and NF-I/CTF proteins have been shown to activate the a-globin promoter in vitro (28) . Together, this information suggests that NF-I proteins may interact with the CRE-1 element to regulate proenkephalin transcription. Previous studies have shown both NF-I/L and NF-I/CTF bind to DNA as dimers (14, 29) . Furthermore, cross-linking and gel filtration studies suggest that the native NF-I configuration may be tetrameric (29) . Comigration of the three brain NF-I molecules on glycerol gradients raises the possibility that the NF-I proteins we have purified bind the proenkephalin CRE-1 element as homoor hetero-dimeric/tetrameric complexes. Clearly, further analysis of these proteins is necessary to determine the precise nature of the NF-I complex which bind the proenkephalin enhancer.
NF-I Binding Site Spans Both the Proenkephalin CRE-1 and CRE-2 Elements
The high affinity NF-I binding site found in the adenovirus replication origin consists of a palindrome containing two TGGC sequences on opposite strands separated by 5 bases (30) . It has been shown, however, that NF-I can recognize promoter elements where the binding site resembles one half of the palindrome (31) . Analysis of the proenkephalin NF-I binding site indicates that important contacts occur at two different sites. Point mutations within the sequences underlined CTGGCGTAGGGCCTGCG TCA block binding of NF-I proteins to the enhancer (the CRE-1 and CRE-2 elements are shown in large type). Although the NF-I recognition sequence is an imperfect palindrome (CTGGCxxxxxGCCTG), mutations at equivalent positions within the palindrome produce very different effects on NF-I binding. This suggests that the NF-I proteins recognize the two contact sites in a nonsymmetrical fashion, perhaps as heterodimers. Although mutations within the CCT sequence in the proenkephalin enhancer block binding, as determined by DNase I footprinting, the CRE-1 column used in affinity purification of these proteins lacks the CCT element. This suggests that these proteins can still bind the CTGGC element in the absence of a downstream CCT site although with lower affinity. The observation that highly purified NF-I proteins also contact the TATA box is novel. The fact that binding of NF-I to the TATA box site and CRE-1 element occurs at identical protein concentrations suggests that the same complex which binds the CRE-1 element can somehow interact simultaneously at the TATA box. We cannot, however, rule out the possibility that contacts at the TATA box occur via a co-purified lhllD/NF-1 complex.
Protein-Protein Interactions at the Proenkephalin Enhancer
Comparison of the footprint produced by the HeLa cell CRE-1 binding protein, ENKTF-1, with bovine brain NF-I proteins indicates that the human HeLa and bovine brain proteins protect an identical region of the proenkephalin enhancer. In addition, the binding profile of the HeLa ENKTF-1 to point mutations within the CRE-1 element is identical to the binding profile determined for brain NF-I molecules (7), with the exception that the brain NF-I proteins appears less sensitive to point mutations at nucleotide -100. Although we were not able to obtain quantities of the HeLa cell CRE-1 binding protein, ENKTF-1, sufficient for microsequence determination, the similarities described above suggest that the HeLa cell CRE-1 binding protein, ENKTF-1, is also a member of the NF-I family of transcription factors.
Our previous analysis of CRE-1 function suggested that proteins bound at this element interact synergistically with proteins bound at the CRE-2 element to mediate cAMP and TPA inducible enhancer function. To analyze the in vitro interactions between proteins bound at the CRE-1 element and proteins bound at the CRE-2, AP-4, and AP-2 elements we chose to study proteins existing within a single cell type. HeLa cell NF-I-like proteins (ENKTF-1) were analyzed because we had previously purified AP-1, AP-4, and AP-2 proteins from this cell type (7) . HeLa cell NF-I binds simultaneously with AP-2 and AP-4 to the enhancer to form a stable complex. In contrast, NF-I proteins cannot bind simultaneously with AP-1. The affinity of AP-4 and AP-2 binding to their recognition sites was not dramatically enhanced by the presence of NF-I proteins bound at the CRE-1 element. However, we reproducibly observe that 2 fold less AP-4 or AP-2 protein is required to give a complete footprint in the presence of NF-I proteins suggesting some degree of positive cooperativity in their binding (data not shown). No change in the binding affinity of NF-I was observed in the presence of AP-4 or AP-2 bound to their recognition sites. The observation that AP-1 and NF-I proteins do not simultaneously interact with the CRE-1 and CRE-2 elements can be understood in terms of the overlapping nature of NF-I and AP-1 binding sites.
Functional Role of NF-I Proteins in Second Messenger Regulation of Proenkephalin Gene Expression
Mutations within the sequence TGGCGTA (CRE-1 element) have been shown to produce a strong detrimental effect on cAMP/TPA induction of proenkephalin gene expression in CV-1 or C6-glioma cells (7) . However, several observations suggest that NF-I binding in vitro does not completely correlate with the above in vivo analysis of CRE-1 function. First, two mutations (-99 and -98) within the 3'-end of the CRE-1 element strongly repress inducible enhancer function in vivo yet have only a weak effect on in vitro NF-I binding. Second, a mutation at position -94 located within the downstream contact site, CCT, blocks NF-I binding in vitro but does not influence inducible enhancer function in vivo. Such differences may be due to the heterogeneous nature of the NF-I proteins used in our DNA binding analysis which may form hetero-or homodimeric complexes and interact differentially with the CRE-1 site. For example, it is possible that the -100 and -98/99 mutations which in vitro only slightly reduce NF-I binding may in vivo block the binding of a fraction of the NF-I molecules which are critical regulators of CRE-1 function.
NF-I/Redl inhibition of PKA inducible enhancer function could be most simply explained by the assumption that NF-I/Redl acts as a transcriptional repressor by competing in a mutually exclusive fashion at the CRE-2 site with a transcriptionally active AP-1 complex. However, the possibility that overexpressed NF-I/Redl outstrips and/or competes with a co-activator should also be considered. Alternatively, as some members of the AP-1 complex are known to act as negative regulators of transcription (32, 33) , it is possible that NF-I molecules could activate transcription by antagonizing AP-1 mediated repression.
Together, the above data suggest that NF-I proteins expressed in bovine brain bind to a site which closely overlaps the CRE-1 element defined in vivo. Although overexpression of NF-I/Redl represses PKA inducible expression, the functional role of NF-I/L and NF-I/X remain to be determined. Recently, a family of NF-I/L like molecules have been identified from mouse brain and one of these molecules has been shown to activate the myelin basic protein promoter by cotransfection experiments (26) . This suggests that some members of the NF-I family may act as repressors while others may activate gene expression. Clearly, the expression and functional activities of the different NF-I proteins in cells expressing proenkephalin need to be further characterized before their role in transcriptional regulation can be determined.
